In RNAi and related pathways, guide RNAs of ~21 nucleotides (nt) assemble into large ribonucleoprotein complexes termed RISCs 1 . Guide RNAs are generated from double-stranded RNA precursors by the enzyme Dicer, which binds directly to both AGO2 and TRBP to facilitate transfer of the guide RNA duplex 2,3 . Once loaded onto the AGO2 protein, one strand of the duplex (termed the 'passenger strand') is cleaved by AGO2 and dissociates from the complex, leaving a short, single-stranded guide RNA that base-pairs with complementary mRNAs and targets them for AGO2-catalyzed degradation or translational arrest 4,5 .
a r t i c l e s In RNAi and related pathways, guide RNAs of ~21 nucleotides (nt) assemble into large ribonucleoprotein complexes termed RISCs 1 . Guide RNAs are generated from double-stranded RNA precursors by the enzyme Dicer, which binds directly to both AGO2 and TRBP to facilitate transfer of the guide RNA duplex 2, 3 . Once loaded onto the AGO2 protein, one strand of the duplex (termed the 'passenger strand') is cleaved by AGO2 and dissociates from the complex, leaving a short, single-stranded guide RNA that base-pairs with complementary mRNAs and targets them for AGO2-catalyzed degradation or translational arrest 4, 5 .
Although crystal structures of Dicer and Argonaute homologs have provided insights into the guide RNA processing and targeting steps of this pathway [6] [7] [8] [9] [10] [11] [12] , no structural information is yet available for RNAi-related protein complexes from organisms where in vivo functions have been established. Using reconstituted functional human RISC-loading complexes (RLCs) containing purified Dicer, AGO2 and TRBP proteins, we examined the architecture of both the complex and the Dicer component using EM and single-particle image analysis. These results represent the first view of the overall molecular architecture of the RLC and, together with analysis of a Dicer deletion mutant and modeling based on available Dicer and Argonaute structures, provide insights into the mechanism of RNA strand-specific RISC loading.
RESULTS

Single-particle reconstruction of human Dicer
We began by examining the structure of the intact ~220-kD human Dicer protein by negative-stain EM. The molecules appeared as well-dispersed, elongated particles with a length of ~20 nm (Supplementary Fig. 1 ). Using random conical tilt (RCT) methodology 13 followed by projection matching refinement 14 , we obtained a three-dimensional reconstruction of human Dicer at a resolution of ~34 Å (0.5 FSC criteria) from a final set of about 3,400 particle images ( Fig. 1a and Supplementary Fig. 1 ; see Supplementary Methods for image processing details). The final three-dimensional density map appears as an 'L' shape containing a main vertical platform and an extended two-lobed base branch that extends perpendicularly at the bottom. The curved 'cap' of the central platform protrudes in the same direction as the base branch. This arrangement defines an inner space or cavity delimited by an internal surface of the platform that is remarkably flat in the vertical direction and mostly concave in the horizontal direction ( Fig. 1a) .
With the overall protein shape defined, we next tried to dissect human Dicer's architecture. Compared with the Giardia intestinalis Dicer, whose crystal structure is known 7 , human Dicer is substantially larger in size and includes an extra domain at its N-terminal end, termed the DE×H/D helicase, and ATPase domain ( Supplementary Fig. 2a ). Despite lacking the DE×H/D domain, the Giardia Dicer has full dicing activity. Similarly, a human Dicer mutant that lacks the DE×H/D domain also retains dicing activity 15 . These data suggest that the DE×H/D domain is likely to be a discrete structural element within the human Dicer. Although the catalytic core of Dicer, as approximately defined by the Giardia crystal structure, cannot fit within the base branch, it could fit within the reconstruction's platform, with an optimal cross-correlation coefficient of 0.55 in two possible orientations; the more relevant orientation has the Targeted gene silencing by RNA interference (RNAi) requires loading of a short guide RNA (small interfering RNA (siRNA) or microRNA (miRNA)) onto an Argonaute protein to form the functional center of an RNA-induced silencing complex (RISC). In humans, Argonaute2 (AGO2) assembles with the guide RNA-generating enzyme Dicer and the RNA-binding protein TRBP to form a RISC-loading complex (RLC), which is necessary for efficient transfer of nascent siRNAs and miRNAs from Dicer to AGO2. Here, using single-particle EM analysis, we show that human Dicer has an L-shaped structure. The RLC Dicer's N-terminal DE×H/D domain, located in a short 'base branch', interacts with TRBP, whereas its C-terminal catalytic domains in the main body are proximal to AGO2. A model generated by docking the available atomic structures of Dicer and Argonaute homologs into the RLC reconstruction suggests a mechanism for siRNA transfer from Dicer to AGO2. a r t i c l e s flat surface of the crystal structure, previously shown to be the site of RNA binding 16 , aligned along the flat vertical surface that faces the central cavity in our reconstruction ( Fig. 1b ) (see Online Methods for details of the docking and the discussion below about its biological relevance). In contrast, the twolobed volume of the base branch agrees well with the size of the DE×H/D domain (68 kDa compared to the calculated 70 kDa from the volume at 3σ threshold). The crystal structure of its homolog, the human DEAD-box RNA helicase DDX3X (PDB 2I4I) 17 , can be docked within the base branch volume with a crosscorrelation coefficient of 0.40 ( Fig. 1b ; see Supplementary Fig. 2b for sequence alignment of human DDX3X and the DE×H/D domain). These observations lead us to propose a working model in which the DE×H/D domain of Dicer corresponds to the base branch region in our reconstruction.
To test this model, we examined a DE×H/D domain-truncated version of human Dicer (∆DE×H/D) by EM. The truncated protein showed a strong tendency to dimerize, limiting the number of useful particles and precluding us from obtaining a reliable threedimensional reconstruction of this smaller protein (about 140 kDa). However, we were able to use reference-free two-dimensional alignment and classification to sort the ∆DE×H/D particles and to obtain high-quality class averages. The class averages are more rod-like than those seen for the full-length Dicer and seem to lack the base branch, in agreement with our proposed assignment of the base branch to the DE×H/D domain. To further test our hypothesis of the location of the DE×H/D domain, we generated a 'synthetic' three-dimensional model of the ∆DE×H/D protein by erasing the base branch from the three-dimensional reconstruction of the full-length Dicer (Fig. 1b) .
We then compared reprojections of this three-dimensional model to the experimental, reference-free two-dimensional class averages of the ∆DE×H/D mutant. For each class average, we selected the best match out of the reprojections on the basis of the highest crosscorrelation coefficient. This analysis retrieved more than 20 good matches, out of 100 experimental class averages, to different views of the hypothesized three-dimensional model, covering most of the views. When compared with the same views of the full-length Dicer model and the experimental class averages, the density corresponding to the base branch is obviously missing in the ∆DE×H/D mutant ( Fig. 1c and Supplementary Fig. 3 ). This result, together with our docking of the DDX3X helicase, supports our initial proposal that the DE×H/D domain of human Dicer is located at the base arm in the three-dimensional reconstruction.
Architecture of human RISC-loading complex
Previous work has shown that the human RISC-loading complex can be reconstituted from individually purified Dicer, AGO2 and TRBP in a 1:1:1 stoichiometric ratio 18 . The complex seems to be stable at the ~1 µM concentrations used during biochemical reconstitution, but it dissociates at concentrations around 50 nM in the stain used for EM (see Online Methods). In addition to the L-shaped particles corresponding to Dicer, a substantial number of globular particles with the shape and size of the dissociated AGO2 could be easily recognized in the micrographs of this sample (Supplementary Fig. 4) .
To overcome the instability of the complex at low concentrations (or potentially in the negative-stain solution) and achieve better definition of the RLC's architecture, we sought to obtain intact assemblies by cross-linking them with glutaraldehyde immediately after elution Fig. 2a ) and the human DEAD-box RNA helicase DDX3X (PDB 2I4I) 17 (red ribbon). (c) The synthetic three-dimensional model (gray solid surface) generated by removing the density corresponding to the base branch (blue wire) in the human Dicer reconstruction is used to match the reference-free two-dimensional class averages of the ∆DE×H/D Dicer mutant sample. In each of the ten panels, the first rows are reprojections (left) and the corresponding reference-free class averages (right) of the intact human Dicer; the second rows are reprojections from the synthetic ∆base branch model (left) and the corresponding reference-free class averages (right) of the ∆DE×H/D mutant; the third rows are the difference maps of the two-dimensional class averages between intact human Dicer and the mutant at 3σ threshold (right) and the superimposition of them (red) to the corresponding projections of the synthetic model (left). Scale bars in all figures indicate 5 nm. a r t i c l e s from a gel-filtration column and before dilution for negative staining. Titration experiments showed that 0.02% (v/v) glutaraldehyde crosslinks a substantial amount of the complex in its native 1:1:1 ratio but does not generate larger species (Supplementary Fig. 5a ). Under the electron microscope, the cross-linked specimen showed fewer dissociated components in the background than did the un-cross-linked sample, without the presence of large aggregates ( Supplementary  Fig. 5b ). We performed iterative two-dimensional reference-free alignment and multivariate statistical analysis (MSA) classification 19 of about 4,000 negatively stained particles and sorted them into 200 classes. Some class averages emerged immediately with apparent additional densities when compared to the Dicer-only sample. We matched the 200 class averages with different projection views of Dicer's three-dimensional density using multireference alignment and found that more than two-thirds of the class averages have significant additional densities ( Supplementary Fig. 5c ). This indicated that, although one-third of the particles still correspond to Dicer alone, the rest are likely to retain all or part of the RLC components.
The class averages with additional densities were further sorted manually into three categories based on location and size of the extra densities. The first category includes particles with a small additional density attached to Dicer's base branch, the region of Dicer assigned to the DE×H/D domain ( Fig. 2a, above) . The location of this density is variable around the tip of the DE×H/D domain. The second category includes particles with a larger additional density located on the inner side of the L, between the base branch and the cap at the top of the platform (Fig. 2a, middle ). This density also shows a range of positions and shapes but consistently remains close to the central cavity. The particles in the third category seem to have both the additional density connected to the DE×H/D domain and the density facing the inner surface of the platform (Fig. 2a, below) . We propose that these additional densities correspond to TRBP and AGO2, respectively.
It should be noted that the above categorization is rather subjective. To assign more firmly and objectively the extra densities, we examined the cross-linked complex comprising only AGO2 and Dicer, which was reconstituted in the same manner as the RLC ( Supplementary  Fig. 6a ). Similar image analysis revealed class averages clearly falling in the second category that show a large density occupying the inner space between Dicer's platform and the base branch (Fig. 2b) . The larger size of the AGO2 in these class averages compared to those in RLC suggests a more rigid configuration of AGO2 in the complex or a different orientation within the complex. These results further suggest that particles in category 1 probably correspond to the TRBP-Dicer complex (however, an alternative possibility is that it may represent AGO2-TRBP-Dicer; see below), that particles in category 2 probably correspond to the AGO2-Dicer complex and that category 3 is formed by particles corresponding to the full RLC. Consistent with these assignments, our efforts to reconstitute AGO2 and TRBP with the ∆DE×H/D Dicer mutant showed that AGO2 can still bind to Dicer but TRBP cannot (Supplementary Fig. 6b,c) . This finding further supports a model in which AGO2 interacts with the C-terminal region of Dicer and TRBP interacts directly with the DE×H/D domain.
TRBP may stabilize the AGO2-Dicer interaction
Because we matched the 200 class averages of the cross-linked RLC sample to the corresponding projection views of the threedimensional density of Dicer, we were able to reconstruct a three-dimensional map by back-projecting all the class averages with their assigned Eulerian angles. This 'all-in' reconstruction was similar to the Dicer reconstruction but had some additional density in the proposed location of AGO2 ( Supplementary Fig. 7a , gold structure as a low-pass filtered model at 40-Å resolution). We then performed supervised classification 20 on all the particles by matching them against two initial reference models, one being the low-pass filtered Dicer reconstruction (Supplementary Fig. 7a , gray structure) and the other being the low-pass filtered all-in RLC reconstruction ( Supplementary Fig. 7a, gold structure) . The histogram of cross-correlation values roughly agrees with our two-dimensional analysis in that about one-third of particles are probably Dicer alone (Supplementary Fig. 7b, model I) . The one-third of particles that correlated better to the all-in model produced a final threedimensional reconstruction with a prominent globular density narrowly attached to the cap and located in the inner space of the L, between the platform and the base branch ( Supplementary Fig. 7b , ,000 particles of un-cross-linked RLC, we generated four subclasses and calculated their three-dimensional reconstructions (above). Among the four models, model I has an obvious additional density between the platform and the base branch, whereas model IV doesn't seem to have additional densities besides the apo-Dicer. About 2,000 particle images of un-cross-linked Dicer-AGO2 complex underwent similar analysis to generate two subclasses, each having its three-dimensional model reconstructed (right). Both models lack the additional density that exists in the RLC. Scale bars in all panels indicate 5 nm.
a r t i c l e s model III). The remaining third of the particles in the center of the histogram produced a three-dimensional reconstruction with intermediate features, suggesting that they are a mixture of the two states ( Supplementary Fig. 7b , model II).
In none of the three models was there a clear density extending from the base branch corresponding to the putative TRBP protein, probably owing to the flexibility of the TRBP molecule and/or its attachment to the DE×H/D domain (based on sequence analysis, TRBP is composed of three small-sized RNA-binding domains connected by flexible linkers). On a similar note, the density corresponding to the putative AGO2 in the RLC reconstruction III could not account for the entire AGO2 atomic model (at the 3σ threshold, this density corresponds roughly to 50 kDa, about half of AGO2's molecular weight; Supplementary Fig. 7a, model III) . We propose, on the basis of this result and on the initial reference-free two-dimensional analysis in Figure 2a , that even when AGO2 is present in the complex it can take on different positions within the RLC. Therefore, it is likely that flexibility results in the reduced density seen in reconstruction III. The low occupancy of AGO2 and TRBP even in the cross-linked samples reflects a relatively low affinity among the RLC components (our estimations indicate that the K d is around 0.2-1 µM).
In addition to the data just described, we carried out an analysis of the heterogeneity present in the un-cross-linked AGO2-Dicer complex, both in the presence and absence of TRBP, using a maximum-likelihood strategy 21 . This study showed that, in the absence of cross-linking, a prominent AGO2 density is observed in some particles of the sample that includes TRBP, in agreement with the threedimensional reconstruction results (Fig. 2c, above) . In the absence of TRBP, however, the AGO2-Dicer complex disassociates entirely under the dilute conditions used for EM grid preparation, such that only the apo-Dicer structure is present in the particle data set (Fig. 2c, below) . These results suggest that TRBP increases the affinity of AGO2 for Dicer and generally stabilizes the complex during dilution.
AGO2 may bind to Dicer at its two termini
To further verify RLC's architecture and to better characterize the interaction between components, we used the GraFix technique to prepare RLC complexes for single particle analysis. This recently developed methodology has proven to be valuable for structural analysis of low-stability molecular assemblies 22, 23 by cross-linking the complexes gradually as they are separated on the basis of molecular weight and shape in a double gradient of glutaraldehyde and glycerol. The homogeneity of the RLC samples improved using this method, with the fraction containing the 360-kDa species appearing monodisperse by EM observation (Supplementary Fig. 8a,b) .
We performed de novo single-particle reconstruction of the data set collected from this sample using the RCT method, maximum-likelihood analysis and projection matching refinement, and obtained a reconstruction at a resolution of ~33 Å ( Fig. 3a and Supplementary  Fig. 8c,d) . When compared with the reconstruction of Dicer alone, the reconstruction of this GraFix-prepared RLC has a prominent density in the middle of the molecule that connects the top of the platform and the tip of the base branch. The location of the density agrees well with the two-dimensional class averages in categories 2 and 3 ( Fig. 2a ) and the maximum-likelihood reconstructed models I and II of the un-cross-linked RLC (Fig. 2c) , suggesting the density to be AGO2. In agreement with this observation, the atomic model of Argonaute can be docked unambiguously in the difference map between RLC and Dicer reconstructions ( Fig. 3b and Supplementary Video 1) . The docking suggests that AGO2 connects the top of the Dicer platform and the tip of Dicer base branch, giving rise to a triangular architecture for the complex. On one end, AGO2's PIWI domain and Mid domain interact with Dicer's platform; on the other end, AGO2's N-terminal domain interacts with Dicer's base branch density. Although there are additional densities in this reconstruction, beyond those corresponding to AGO2 and Dicer, that could represent TRBP, especially at the base branch (Supplementary Video 1) , it is difficult to interpret the location and shape of TRBP because of its possibly elongated shape and flexibility. Nonetheless, these data together with those derived from the conventionally cross-linked sample suggest that AGO2 may transiently interact with TRBP to form a closed complex with Dicer. We also note the substantial difference density observed in the region assigned to the DE×H/D domain of Dicer in the GraFix sample when compared to Dicer alone (Supplementary Video 1) . This implies a possible structural rearrangement or change in relative conformational dynamics of the helicase region upon association with AGO2 and/or TRBP.
DISCUSSION
The importance of RNAi to the biomedical field necessitates a detailed structural understanding of the precise mechanism of this process in a human system. The model presented here represents a first view of the molecular architecture of the human RLC and provides a structural framework for testing how siRNA duplexes may be passed from Dicer to AGO2 during RISC loading ( Fig. 4) . AGO2 seems to bind Dicer at the opposite end from the DE×H/D domain, where it also shows substantial conformational flexibility in its attachment to Dicer. Previous biochemical studies suggested that this interface corresponds to the AGO2 PIWI domain in contact with the Dicer RNase IIIa domain 24 . This information suggested the overall orientation of Dicer's catalytic core structure in the reconstruction map, with the C-terminal RNase III domains located near the top of the platform density. Beginning with this approximate orientation, we carried out quantitative docking of the Giardia Dicer crystal structure into the platform region of the three-dimensional volume of human Dicer using an automatic software algorithm (Fit-Model-In-Map in UCSF-Chimera followed by COLACOR in Situs 2.0) 7 (Fig. 1b) . The most biologically relevant of the top two docking results positions the flat surface of the crystal structure, shown biochemically to accommodate double-stranded RNA 16 , facing the flat surface of the reconstruction (see Supplementary Fig. 9b for the other docking). Such a model implies that this is the initial binding site of substrate double-stranded RNA.
Our RLC reconstruction shows considerable extra density for the human Dicer located at the proposed interface with AGO2, which may account for the extra 127-amino-acid region of human Dicer that is not present in Giardia Dicer 24 . The RLC reconstruction presented here can accommodate the atomic model of the Thermus thermophilus Argonaute containing a guide-strand RNA adjacent to the long axis of the Dicer density 11 . Modeling a 22-base-pair siRNA onto Dicer shows that the position of AGO2 leaves ample room for double-stranded RNA binding to Dicer (Fig. 4a) . Notably, this docking positions the AGO2 PAZ domain above the Dicer DE×H/D domain in such a manner that the distance between the PAZ domains of Dicer and AGO2 can also accommodate a 22-nt siRNA. Thus, it would in theory be possible for these domains to simultaneously bind opposite ends of the siRNA product (Fig. 4b) . The class averages in Figure 2a indicate that AGO2 may be able to orient itself close enough to the Dicer active site to engage the 3′ overhang of the newly cleaved siRNA, achieving this siRNA-bound intermediate.
TRBP is known to be important both for Dicer binding to its siRNA product and for recruiting siRNAs to AGO2 (ref. 3 ). Our analysis indicates that TRBP is flexibly bound to the Dicer DE×H/D domain, in agreement with existing biochemical data 25, 26 (Supplementary Fig.  6b,c) . The position of TRBP near the Dicer DE×H/D domain, and its flexibility, allowing access to the PAZ domain of AGO2 in our model, makes sense biochemically and suggests a role for TRBP in bridging the steps between release of the siRNA by Dicer and loading of the duplex into AGO2. Binding by TRBP may allow the siRNA intermediate to stay associated with the RLC after release from Dicer and may also help to optimize the orientation of the siRNA for AGO2 loading.
Additionally, TRBP may be important for proper strand selection during RISC loading, acting as a proofreading mechanism for strand selectivity that ensures the proper orientation of the siRNA once it has been handed off to AGO2. In general, the strand of an asymmetric siRNA duplex whose 5′ end is less thermodynamically stable will become the guide strand when loaded into AGO2 (ref. 27 ). In flies, asymmetric siRNAs are bound in a directional manner by Dicer-2 and R2D2, a TRBP homolog in Drosophila. R2D2 binds the more thermodynamically stable end, whereas Dicer-2 binds the less stable end. The Dicer-2 PAZ domain thus specifically interacts with the 3′ end of the siRNA passenger strand 28 . Although it is currently unknown whether TRBP binds the more stable siRNA end in humans, it is tempting to propose such specificity, as it would allow TRBP to act as a sensor to detect proper loading of the 3′ end of the guide strand onto the AGO2 PAZ domain. In the case of an exogenous siRNA, the complex architecture supports the notion that TRBP could also function to orient the guide strand for direct handoff to AGO2. Likewise, if an siRNA produced by dicing a long double-stranded RNA is positioned in the less favored direction with respect to RISC loading, then the siRNA could be reoriented by release to the bulk solvent followed by rebinding in the opposite orientation, as has been observed in Drosophila extracts 29, 30 . PACT, another human double-stranded RNA-binding protein involved in RNAi that binds to the Dicer DE×H/D domain 31 , may also serve this role. Future biochemical and structural studies of this basic RLC associated with its other binding partners may shed more light on the mechanism of the final handoff to AGO2.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website. . 1b ) and the Thermus thermophilus Argonaute (gray-cyan-orange-pinkblue, color coded the same as in Fig. 3b ) are docked in the density map. TRBP is shown as a string of three yellow spheres with a flexible linker connecting it to the DE×H/D domain. Its motion range, based on our experimental results, is marked by the dashed yellow arrows. 
